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MEASUREMENT OF MATERIAL
PROPERTIES WITH OPTICALLY INDUCED
PHONONS

This invention was made with government support under
contract Number F19628-90-K-0021 awarded by the Air
Force. The government has certain rights in the invention.

Cross-Reference to Related Applications

This is a continuation of application Ser. No. 07/910,762,
filed Jul. 8, 1992, now abandoned. Which is a continuation-
in-part of U.S. Ser. No. 07/726,739, filed Jul. 8, 1991.

FIELD OF THE INVENTION

This invention relates to the measurement of material
properties using optically induced phonons.

BACKGROUND OF THE INVENTION

Laser Induced Phonons (LIPS) are produced by time-
coincident laser pulses intersecting inside a sample, setting
up an optical interference pattern, i.e., alternating intensity
peaks and nulls. Energy deposited into the system via optical
absorption or stimulated Brillouin scattering results in the
launching of counterpropagating ultrasonic waves
(phonons) whose wavelength and orientation match the
interference pattern geometry. The mechanism by which
LIPS ultrasonic waves are generated depends upon whether
the sample is optically absorbing or transparent at the
excitation wavelength. If the excitation pulses are absorbed
e.g. into high-lying vibronic levels, rapid radiationless relax-
ation and local heating at the interference maxima (the
transient grating peaks) occurs. Thermal expansion then
drives material in phase away from the grating peaks and
toward the grating nulls, setting up counterpropagating
waves.

In samples which are transparent at the excitation
wavelength, optical energy is coupled directly into the
sample’s acoustic field via stimulated Brillouin scattering.
This process takes advantage of the inherent spectral line
width in 100-picosecond (psec) excitation pulses. Higher-
frequency photons from each pulse are annihilated to create
lower-frequency photons in the opposite pulse and phonons
of the difference frequency and wave vector in the medium.

Counterpropagating waves (a standing wave) are thus pro-
duced.

In either case the acoustic wave propagation, which
continues after the excitation pulses leave the sample, causes
time-dependent, spatially periodic variations in the material
density, and since the sample’s optical properties (real and
imaginary parts of the index of refraction) are density-
dependent, the irradiated region of the sample acts as a
Bragg diffraction grating. This propagation of the optically
excited ultrasonic waves can be optically monitored by
time-dependent Bragg diffraction of a variably delayed
probe laser pulse. -

SUMMARY OF THE INVENTION

An object of the invention is to make LIPS (alternatively
referred to herein as Impulsive Stimulated Thermal Scatter-
ing or ISTS) measurements by refiectance of a probe beam
from the sample surface without regard to the absorbance of
the probe beam by the sample. Another object is to make
LIPS measurements without regard to sample type or thick-
ness. A particular object is the analysis of thin, polymer
samples by LIPS-reflectance with a non-absorbing probe
laser.
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The phenomenon which allows realization of these
objects is believed to be the inducement of a physical surtace

morphology or ‘ripple’ in response to laser excitation. It has
been discovered that the surface ripple phenomenon can be

selectively induced based on the nature of the sample, e.g.
sample stiffness and thickness and the angle of incidence and

wavelengths of the excitation radiation and selectively
detected or analyzed by control or monitoring of parameters

such as angle of incidence, polarization and intensity of a
probe beam reflected from the ripple morphology. The
discovery enables advantages in terms of the samples that
can be analyzed, including ultrathin polymer films, in terms
of the rate at which data can be obtained, such as obtaining
the full transient signal induced by each excitation laser shot,
and in terms of the type and accuracy of data that can be
obtained, including more accurate subtraction of probe pulse
contribution from the signal and the collection of new data
such as acoustic dampings rates (attenuation), thermal con-
ductivity and film delamination.

In a particular example, excitation of a sample using
optically absorbing wavelengths can be used to induce the
physical morphology, preferably in the form of a periodic
grating on the surface of a sample. The grating morphology
can be interrogated by refiectance of a probe laser from the

surface without regard to the probe laser wavelength and in
particular, allowing the use of a probe laser not substantially
absorbed by the sample. The sample may be of various
types. A particular example is the analysis of thin polymer
films. The films, which may be UV-absorbing and visible-
transmitting, may be excited by UV pulses and interrogated
by reflectance with visible pulses. For very thin samples,
e.g., 500, 30, 10 or even 1 pm or less, this operational mode
is particularly advantageous since, with a non-absorbing
probe laser, sample heating which can easily damage thin
samples, is reduced. It is also an advantage that samples can
be interchanged without the need for selecting new probe
laser wavelengths. Alternatively, in the case of thin samples,
e.2., polymer films, acoustic waves may also be excited
through impulsive Brillouin scattering in which case the
excitation pulses need not be absorbed by the sample.

Another object is to make measurements quickly, with
fewer laser shots, to make it possible to observe changing
sample properties with high time resolution. Employing
techniques of the invention, LIPS measurements may be
made in real time. An excitation pulse having a short pulse
width compared with the phonon oscillation period may be
employed in combination with a high power probe laser
having a relatively long pulse width such that a substantial
time-portion, in many cases all, of a sample’s transient time
dependent response from each excitation pulse can be mea-
sured. While a high power probe may be particularly useful
in some circumstances, alternatively, it has been discovered
that signal can be obtained using a relatively low power
probe, e.g. about 1 watt, provided by a CW source such as
an argon ion laser. In either case, the probe signal from
successive excitation pulses may be signal averaged to
increase signal to noise. The detection electronics are
selected so they have sufficiently fast response times to
permit time resolution of the phonon oscillations. Operation
in these modes is, again, particularly advantageous for thin,
polymer samples since the number of excitation pulses can
be reduced and thus the number of heating cycles, which can
potentially damage thin, fragile samples can also be reduced.
For a probe which has a short width compared to the lifetime
of the transient response, a temporal delay between excita-
tion and probe pulses may be varied to interrogate the
sample at different time segment stages in its response
evolution.
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The term “polymers” as used herein refers to molecules
composed of sequences of repeating monomer units con-
nected by covalent bonds. A particular polymer is generally
not made up of a single molecular species. Rather, polymers
are mixtures of macromolecules with similar structures and
molecular weights that exhibit some average characteristic

properties. The polymers may be homopolymers or
copolymers. linear or branched. cross-linked or bonded by
clectrostatic interaction such as hydrogen bonds. The poly-
mers may be elastomers, thermoplastics and may include
plasticizers. stabilizers, anti-oxidants and lubricants. Poly-
mers may be crystalline in the sense that long segments of
linear polymer chains are oriented in a regular manner with
respect to one another. Such crystalline regions of a polymer
are referred to as crystallites. Amorphous, noncrystalline

regions generally lie between the crystallites and constitute
defects 1n the crystalline structure.

A “sample” such as of a polymer may include additives.,
e.g.. chromophores incorporated within the polymer mass
(typically not covalently bonded) for enhancing absorbance
of the sample at a particular wavelength such as a desired
excitation or probe wavelength. A “pure sample” as used
herein contains no such additive.

The term “absorption”. as used herein, includes absorp-
tion of electromagnetic radiation by ground or excited states
of the sample molecule. Particular aspects of the invention
use LIPS in the reflectance mode where the absorbance of
the probe is less than the absorbance of the excitation.
Particularly the probe absorbance is 50%, 10% or even 1%
or less than the excitation absorbance. In some cases, no
absorbance of the probe beam by the sample can be detected.
Molar absorptivities (E) at the probe wavelength may be less
than 1000 or 100. Absorption may be less than about 10%
of the maximum absorption (which may be relative to
complete absorbance) in a wavelength region (e.g.. UV,
visible, infrared), typically less than 1%. The excitation
wavelength is selected such that the absorbance is sufficient

to give rise to a periodic morphology on the sample surface,
detectable as a diffraction signal.

In a particular aspect, the invention features an apparatus
for measuring the properties of a sample of material. The
apparatus includes a first, excitation source for producing
excitation radiation adapted to impinge upon the sample of
material. The excitation radiation is comprised of pulsed
radiation composed of at least two component pulses which
interfere within the sample. The excitation radiation is
sufficient to induce a transient phonon in the material which
gives rise to a transient, time dependent periodic ripple
morphology on a surface of the sample. A second. probe
source 1s provided for producing probe radiation arranged to
refiect from the periodic ripple morphology on the surface of
the sample to form a diffraction signal. A detector detects the
diffraction signal from the probe source radiation reflected
from the surface, and an analyzer selectively analyzes the
diffraction signal formed by the transient ripple morphology.

In another particular aspect, the invention features a
method for measuring the properties of a sample. The
method includes impinging a pulse of excitation radiation
upon the sample. The excitation radiation is composed of at
least two component pulses which interfere within the
sample and are selected to induce a transient phonon in the
sample which gives rise to a transient, time dependent ripple
morphology on a surface of the sample. Probe radiation is
refiected from the periodic ripple morphology on the surface
of the sample to form a diffraction signal. The diffraction
signal from the probe source radiation reflected from the
ripple morphology is selectively detected.
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In another particular aspect, the invention features an
apparatus for measuring the properties of a thin sample of
polymeric material. The apparatus includes a first, excitation
laser source for producing a pulse of radiation adapted to
impinge upon the sample. The excitation source is a pulsed
source composed of at least two component pulses which
interfere within the thin film. The excitation radiation is
adapted to induce a transient phonon in the material. A
second, probe laser source is provided for producing radia-
tion. The probe radiation is of selected wavelength not
substantially absorbed by the sample and arranged to reflect
trom the surface of the sample to form a diffraction signal.
A detector detects the diffraction signal.

The features of the above aspects can be combined.
Apparatus features can be used in method inventions. In
addition, in various aspects the invention may include one or
more of the following features. The radiation from the probe
source 1s absorbed about 50%. 10% or 1% or less than the
radiation from the excitation source or there is no detectable
or substantial absorbance by the sample at the probe wave-
length. The excitation source of radiation is in the ultravio-
let. The probe source is in the visible. The sample is a thin
sample, e.g.. on the order of about 500, 30 or 10 um or less,
and the excitation radiation is absorbed by the sample. The
sample is a thin polymeric film. The filin is a free-standing
film or disposed on a support. The probe radiation is
diffracted from the surface of the sample. The probe beam
and detector are for detecting a substantial time-portion of
the time-dependent diffraction signal, induced by each exci-
tation pulse such as the entire detectable time-dependent
diffraction induced by each excitation pulse. The probe
radiation is of a selected pulse width and the detector is
adapted to detect the time dependent diffraction for the
duration of the probe pulse. The excitation pulse width is on
the order of psec duration and the probe pulse width is on the
order of nanosecond (nsec) duration (e.g. generally greater
than 10 nsec, e.g. around 100 ns). The detector has a time
resolution on the order of 1 nsec. A signal averaging means
is provided for signal averaging the diffracted radiation from
multiple excitation pulses. The probe pulse has a peak power
output (power during the laser on-time) of about 1000 watts
or greater, such as around 10,000 watts. The probe laser is
a Q-switched YAG laser. The excitation pulse is generated
from a pulsed laser and the probe pulse can be generated
from a CW laser having for example a laser power output of
around 1 watt, such as a gated argon ion laser. The polymer
sample is a pure polymer sample.

Various aspects may also include one or more of the
following features. The diffraction signal is analyzed to
selectively analyze diffraction from surface ripple. The
analyzer includes a polarizer for determining change of
polarization of the probe beam after diffraction to selectively
analyze diffraction from the surface morphology. The ana-
lyzer may also be for analyzing the signal as a function of
wavevector to selectively analyze diffraction signal from the
ripple morphology. The angle of incidence of the probe
beam and/or the excitation beam or the wavelength of the
excitation beam may be varied to optimize diffraction from
the ripple morphology. The diffraction signal is produced by
reflection of the probe beam from the back surface of a
sample. opposite the radiation sources or the front surface or
both. The system is adapted for determining adhesion and/or
thermal diffusion of the polymer sample on a substrate
surface from the diffraction signal.

The invention has many advantages and applications. It is
demonstrated below that ISTS experiments with real-time
data acquisition rates are possible and can be applied to
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studying the pseudo-Rayleigh acoustic modes that propagate
in thin film coatings. Real-time data acquisition can be
crucial in avoiding optical damage to polymer films. The
diffracted ISTS signal arises predominantly from corruga-
tion or ripple displacements at the film surface and the
film/substrate ripple due to the propagating pseudo-Rayleigh
modes. The relative contribution of each acoustic mode to
the ISTS signal depends on the efficiency with which each
mode is excited by the excitation pulses and on the efficiency
with which each mode diffracts the probe beam due to
surface and interface ripple. A formalism is developed to
quantify both of these factors. Using this formalism a
method for extracting the elastic constants of the film by
analyzing the dispersion of the pseudo-Rayleigh modes is
described and applied to the polyimide/silicon system.

The techniques have wide applications in nondestructive,
real-time characterization of thin films. For many
applications, such as monitoring thin-film fabrication and
cure or determination of the spatial uniformity of coatings,
it is not necessary to determine elastic moduli but merely to
monitor changes in acoustic frequency. Finally, character-
ization of thermal diffusion rates will present a similar range
of applications in polymeric, diamond, and other thin films.
Other types of materials can be studied, for example, single

crystal Fe films and amorphous, plasma deposited carbon
films.

The invention includes methods of use of the techniques
described. Still other objects, features and advantages fol-
low.

DETAILED DESCRIPTION

We first briefly describe the drawings.

Drawings FIGS. 1 to 1c illustrate schematically, the surface
ripple morphology phenomenon included in the present
invention;

FIG. 2 is a schematic of a measurement apparatus accord-
ing to the invention; FIG. 2a is an absorbance spectrum of
a polymeric sample; FIG. 2b is a plot of the intensity verses
time, raw data, from the experimental setup in FIG. 2; and
FIG. 2¢ is a plot of the processed data;

FIG. 3 is a schematic of an alternative measurement
apparatus according to the invention; FIG. 3a is a plot of the

intensity verses time, raw data, from the experimental setup
in FIG. 3; FIG. 3b is a plot of the probe pulse intensity; FIG.
3c is a plot of the processed data from FIG. 3a and FIG. 3d
is a plot of processed data taken under the conditions of FIG.
3a, but from a single excitation shot;

FIG. 4 is a plot of intensity versus time raw data, and FIG.
4a is a plot of the processed data from an experimental set
up simjlar to FIG. 3, with an acoustic wavevector of 0.60
Hm -

FIG. 5 is a plot of intensity versus time, raw data, from an
experimental set up using a CW probe laser while FIG. 3a
is a plot similar to FIG. S but from a single excitation shot;

FIG. 6 is a plot of intensity versus time, raw data, from an
experimental set up using a CW probe laser to obtain
thermal data;

FIG. 7 illustrates the system geometry used in the theo-
retical calculations, wherein the film fills the space between
y=0 and y=-h and the substrate fills the area from y=0 to
y=+H and the acoustic wavevector set up by the pump
beams is in the z direction;

FIG. 8 is a plot of pseudo-Rayleigh mode dispersion
generated using substrate elastic parameters V; =89435 m/s,
V,=5341 m/s, p,=2.33 g/cm’ and film elastic parameters
V,~1300 m/s, V=700 m/s, p,=1.45 g/cm>, with the acous-
tic wavevector given by ¢, the film thickness is h, and V4,
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and V. are the substrate and film Rayleigh surface veloci-
ties respectively;

FIG. 9 is a schematic illustration of the beam paths for the
four components of first order ripple diffraction that con-
tribute to ISTS signal, wherein parts A and B describe the
different paths for the two orders of diffraction observed
experimentally;

FIG. 10 illustrates material displacements, generated
using the optimized (for the system studied) elastic
constants, for the first eight pseudo-Rayleigh modes on a 1
um film coating an infinite substrate at a gh value of 2.5, with
the scale factors (A) for each mode determined such that the
largest component of displacement in the mode which is
driven most efficiently is equal to one and the ripple ampli-
tude (R) for each mode given relative to the maximum
displacement amplitude for that mode;

FIG. 11 is a plot of the film surface ripple amplitude
versus gh and velocity for a given ISTS heat input using the
optimized (for the system studied) elastic constants wherein
each symbol represents a different mode dispersion curve to
facilitate comparison with FIG. 14 and the units of the z axis
arc arbitrary;

FIG. 12 is a plot of the film-substrate interface ripple
amplitude versus gh and velocity using the same parameters
as FIG. 11 and the units of the z axis are the same as those
given in FIG. 11;

FIG. 13 is a plot of lattice distortion of the first two modes
at ¢h=0.8, which, upon comparison with FIG. 11 indicates
the existence of a crossover;

FIG. 14 is experimental data (symbols) and theoretical
pseudo-Rayleigh mode dispersion curves (solid lines) for
pyralin films on silicon substrates with various film thick-
nesses (h) in microns; the elastic parameters used in gener-
ating the dispersion curves were optimized to best fit the data
that fall on the lowest two velocity curves;

FIG. 15 is a plot of dispersion curves for the first 30
normal modes for a 3 pm film on a 330 ym substrate using
the optimized elastic constants for the pyralin/silicon sys-
tem; the existence of modes is illustrated with velocities
above V.. which was the cut-off value for the pseudo-
Rayleigh modes calculated for an infinite substrate as in
FIGS. (6) and (12);

FIG. 16 is a dispersion curve plot of velocity versus
wavevector for a tightly bound film-substrate system, while

FIG. 16a is a similar plot for a freestanding film;

FIG. 17 is a series of dispersion curve plots of velocity
versus wavevector,

FIG. 18 illustrates the system geometry for an analysis of
thermal diffusion.

- GENERAL DESCRIPTION

Referring to FIGS. 1-1¢, a sample 2, typically a thin T,
e.g. 5 um thick or less, polymer thin film is provided having
a front exposed surface 3 and a back surface S which is
disposed on a substrate 6. (It will be understood that the film
could be, as well, a free standing film, without substrate 6.)
As shown in FIG. la, the sample is excited by impinging a
pair of excitation beams 7.9 from sources E;, E,. The
wavelength of radiation from E; and E, is selected such that
it is absorbed by the sample. The beams 7.9 interfere within
an overlap region 11 within the bulk of the sample, causing
rapid local heating in a periodic fashion. Upon such
excitation, a periodic ripple-like morphology 13 1s generated
at the surface 3. The morphology has a peak to trough height,
H, that is at a maximum soon after absorption of the
excitation wavelengths and then oscillates and decays with
time. In particular experiments, as discussed below, maxi-
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mum heights H, are estimated on the order of 5~10 nanom-
eter (nm). As shown in FIG. 15, the morphology 13 may be
interrogated by a probe laser pulse 15, from a source P1. by
diffraction of the pulse in the reflection mode from the
surface 3. The diffracted beam 15' is detected by a detector
D, positioned on the same side of the sample as the source
P,. The angle of incidence of the probe, 6,, and angle of
diffraction 0,, may be varied and selected based on the
spacing of the periodic morphology. The source P, is
preferably selected such that the wavelength of the probe
pulse 1s not substantially absorbed by the sample. As
illustrated, a component 15" of the beam 15 may be trans-
mitted through the sample. The pulse 15 is typically selected
such that its duration is long compared to the excitation
pulse and the lifetime of the periodic morphology. The pulse
may be from a pulsed probe laser of selected pulse width and
energy or a continuous wave laser, for example. The detector
is adapted to receive the signal pulse 15'. which is the
diffracted beam component from the sample surface, for
analyzing the characteristics of the morphology over the
course of its existence from each excitation. As illustrated in
FIG. 1c, after analysis, the sample 2 returns to its original
state.

The excitation wavelength is preferably in the ultraviolet
(about 100400 nm), but may be. e.g., in the visible (about
410-800 nm), infrared (about 0.1-50p) or beyond. The
probe 1s preferably in the visible, but maybe in other regions,
e.g. infrared or ultraviolet, depending on sample absorbance.
The excitation and probe radiation may be in the same
wavelength region. An advantage of the invention is that the
sample may be probed with a laser wavelength independent
of the sample absorption; greater fiexibility is provided in
the choice of the probe laser. In particular, it is advantageous
to employ a probe laser emitting visible light which can be
casily aligned in manufacturing applications. As further
discussed in the examples, analysis times can be reduced by
employing a probe pulse width as long as the transient decay
of the induced phonons, so that the entire morphology decay
is detected from each excitation.

A particular advantage is the analysis of thin films,
especially thin polymer films, e.g. 10 pm thickness or less,
or even 1 pm thickness or less. Typical polymer sampies
include visible wavelength transmitting polymers such as
polyethylene, polyurethane and polyimides. Polymer films
which may be analyzed include molecular films such as
Langmuir-Blodgett films or biological films. The films ana-
lyzed may be supported on a substrate or may be freestand-
ing films. In the case of films on a substrate, the support
provides both mechanical rigidity and can reduce sample
damage when the support acts as a heat sink. Sample
supports include silicon or glass. Applications for the system
include analysis of polymer protective coatings on silicon
substrates and various applications to polymers in polymer
processing, including in-situ processing during e.g. extru-
sion. In the latter case, the analysis may be carried out at
various points in the extruder to determine the progress of
the operation and to modify the extrusion in response to the
data obtained. Other polymer applications include polymer
curing and polymer loading (analysis of properties under
mechanical load).

The properties that can be measured by analysis of the raw
data include acoustic speeds, determined from the frequency
of surface oscillations; attenuation rates determined from
decay of the signal; thermal expansion and thermal diffusion
rates; thermal expansion coefficients and heat capacities can
be determined from signal intensities cases where standard
samples are run; compressibility and elastic modulus may be
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determined from acoustic speed and sample thickness fre-
quency dependencies. Calculation of many properties from.

the raw data is known in the art, and is further discussed in
Journal of Chemical Physics 94,7677 (1991) and Farnell et
al., “Elastic Wave Propagation in Thin Layers”, Physical
Acoustics, (W. P. Mason, R. N. Thurston Eds.) 935FF,
Academic Press, New York, 1972. A particular method for
measuring thermal diffusion is discussed below. Calculation
of excitation efficiencies is also discussed below.

EXAMPILE 1

Short probe Pulse

Referring to FIG. 2, an apparatus 2 for measuring the
properties of a thin film of polymeric material 20, such as a
thin (about 2.2 micron) film of Pyralin® 2555 (a polyimide
polymer available from E. L. DuPont de Nemour, Wilming-
ton, Del.; other Pyralin materials may be also available for
study, e.g. PI 2525, PI 2545, P1 2611) on a silicon substrate
22, includes a first laser 24 such as a YAG laser that produces
a beam at a wavelength of about 1.064 micron and an energy
of about 1 millijoule. The pulse width is on the order of
picoseconds, in this example 100 psec. The beam is modified
by crystals, 26,28 for frequency doubling and ftripling to
produce an excitation beam wavelength in the ultraviolet at
about 355 nanometers. Another preferred wavelength is
about 206 nanometers. The beam from the laser is split by
a beam splitter 30 into component beams 32, 34 which are
directed by reflecting optics 36, 38 toward a focusing
clement 40 (about 30 cm focal length cylindrical focus)
which focuses component beams 32, 34 such that they
overlap in time and location within the sample 20. Typically,
the spot size on the sample is selected to avoid excessive
heating and damage therefrom, e.g.. the spot size may be 100
microns to 1 millimeter with an energy of about 10 pJ. In this
example, the spot size was about 100 pm high and 2 mm
wide (cylindrical focus). The probe laser 42 is a YAG laser
for probing the surface morphology by reflectance. The
output beam from the laser 42 passes through a Pockel’s cell
44 to isolate a particular pulse with an energy of, for
example, about 50 microjoules. The probe beam is passed
through a doubling crystal 46 to produce a probe pulse 48
having a wavelength generally not absorbed by the sample
20 such as a probe pulse in the visible range, e.g. 532 nm.
as in this example. The probe pulse 48 is directed to the
sample by optical reflectors 50, 52 and focused by focusing
element 54 (about 20 cm focal length) such that the beam
impinges upon the sample surface at angie 0, about 45° from
normal to the unperturbed sample surface. Diffracted beams
S56. arising from the morphology at the sample surface, may
be detected at angle 6, about 45°, by a detector 58 such as
an amplified photodiode. The pulses from the excitation
laser 24 and probe laser 42 are electronically delayed to
probe the surface morphology as a function of time. A delay
control 60 times the sequential pulses of the lasers. Typi-
cally, the excitation laser pulses at about 1 kilohertz. The
probe laser pulses at delay times (from the excitation pulse)
varying from the nanosecond range to 40 microseconds or
more, depending on the properties of the sample to be
determined. The probe pulse width is short relative to the
period of the phonon oscillations so that each probe pulse
thus represents a single measurement of the instantaneous
diffraction signal. The signal detected by the detector 58 is.
filtered via a lock-in amplifier 62 and passed to an analysis
means 64, €.g., a microprocessor, which also receives the
pulse delay information and which converts the raw data via

Fourier transform to a specttum of intensity versus fre-
quency.
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Referring to FIG. 2a an absorbance spectrum of a thin
film of Pyralin® is shown. At the excitation wavelength of
355 nm, the material is highly absorbing. At the probe
wavelength of 532 nm, on the other hand, radiation is not
substantially absorbed.

Referring to FIG. 2b, the raw LIPS data for the thin
Pyralin® sample is shown as a plot of the intensity versus
time, being the delay between the excitation beam pulse and
the probe beam pulse. In FIG. 2¢, the processed data is
shown after compilation with the Fast Fourier Transform
algorithm (FFT). The analysis time for this measurement
was about 10 minutes using about 150,000 excitation and
probe pulses. The data may be analyzed to yield material
properties as described above.

EXAMPLE 2

Long Probe Pulse

Referring now to FIG. 3, in an alternative mode, a probe
laser 70 is adapted to provide a probe beam having a
relatively long pulse width such that a substantial time-
portion of the transient grating can be measured from. each
excitation pulse. The probe pulse is typically of longer
duration than the excitation probe pulse and may be as long
or jonger than the detectable diffraction signal from the
sample surface. In this example, like numbers refer to the
same elements as described in Exampie 1, FIG. 2. The probe
laser 70 may be a YAG laser operated in the Q-switch mode
with energy of about 3 millijoules in a pulse width of about
300 nanoseconds. (The peak power, therefore, was on the
order of 10.000 watts. Lower power operation, €.g., down to
around 1000 watts is believed to be highly practical. Power
requirements may be dependent on signal strength which
may vary with the sample.) In this case, the probe laser beam
76 impinges upon the sample surface simultaneously with
the excitation beams and the full time dependent response
from each excitation pulse is recorded. (If signal persists
after 300 ns, the probe pulse can be delayed as discussed in
Example 1.) The detector 72 is a fast response (370 psec)
amplified photodiode (model ARX-SA, Antel Optronics,
Inc., 3325B Mainway, Burlington, Ontario, CANADA). The
signal is received by a transient digitizer 74 with a 1 GHz
bandwidth (digital signal analyzer model 602, Tektronix,

Inc., P.O. Box 500, Beaverton, Oreg. 97077). The 1 GHz

bandwidth and fast photodetector provide about 1 nsec time
resolution, so that acoustic waves of up to 1 GHz frequency
can be time resolved. The detector and electronics are
generally selected to be as fast as the sample response of
interest. A polarizer (thin film) is preferably positioned
between lens 54 and the sample.

Referring to FIG. 3a a plot of raw data the transient signal
from a single excitation pulse is shown. An advantage of
operation in this mode is that, rather than probe a single time
point of the transient morphology as in the embodiment of
FIG. 2, the diffraction signal from the full duration of the
transient morphology produced by each excitation pulse 1is
detected. The time required for signal detection is therefore
considerably reduced. FIG. 3a also illustrates the probe
pulse profile (which can be subtracted from the raw data
prior to processing). In FIG. 3b, the processed data (without
subtraction of the probe pulse profile) is shown. This data
was collected in about 15 seconds, using about 500 excita-
tion shots, the signals from which were collected and signal
averaged. Pyralin films of various thicknesses have been
studied, e.g. from about 0.92 to 5.81 micron (spin coated on
a 330 micron thick silicon wafer with thickness determined
within +0.05 micron by mechanical stylus profilometer).

Referring particularly to FIG. 3a, the oscillations in the
data are due to acoustic oscillations initiated by the crossed
excitation pulses. The signal intensity depends on the
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induced time-dependent material displacements (which are
described in more detail in the sections that follow),
weighted by the probe pulse intensity envelop which is
shown in FIG. 3b. In FIG. 3a, the first part (~385 ns) of the
probe pulse arrive at the sample before the excitation pulse,
so there is no signal other than that due to parasitically
scattered probe light. The excitation pulses heat the sample
and initiate acoustic oscillations which are observed in the
data. There is also a nonoscillatory component of the signal
due to steady-state thermal expansion in the heated regions
of the sample. This component finally decays as thermal
diffusion washes away the spatially periodic variation in
sample temperature. Thermal decay is not observed in these
experiments because at these wavevectors, the timescale for
thermal diffusion is much longer than the length of the
Q-switched probe pulse. Instead, the signal in FIG. 3a
disappears as the probe pulse ends. (As discussed below,
with a larger temporal probe pulse, such as a CW probe
pulse, longer sample excitation signals may be detected.)

From the data in FIG. 3a, the frequency of the surface
acoustic wave can be extracted. In the Fourier transform of
the data shown in FIG. 3¢, the acoustic response is domi-
nated by one mode with a frequency of 113+2 MHz. The dc
component of the transform (not shown) is 30 times larger
than the acoustic peak. In FIG. 3d the Fourier transform of
diffracted signal is shown taken under identical conditions as
the data in FIG. 3a, but with only one laser shot, i.e., no
averaging. While this spectrum is noisier than the spectrum
of the averaged data, the position of the main peak 1is
identical. (The extra noise seen in FIG. 3d is believed to be
due to self-modelocking within the one Q-switched probe
pulse.) The data clearly illustrates the ability to perform true
one-laser shot experiments. Best results can be obtained
with a smooth probe pulse temporal profile.

In FIGS. 4 and 4a, ISTS raw data and its Fourier trans-
form, are shown respectively for the same sample at a larger
scattering wavevector. It can clearly be seen that there are at
least two surface acoustic modes which contribute to the
signal.

To insure that the signal was due to the polyimide film,
control experiments were performed on uncoated silicon
wafers. No signal from the silicon surface could be detected.

Further, it is possible to distinguish between scattering
due to modulation of the dielectric constant through elasto-
optic coupling and diffraction due to surface and interface
ripple through analysis of the polarization properties of the
diffracted light and the acoustic wavevector dependence of
the diffracted signal intensity. Pseudo-Rayleigh waves have
both transverse and longitudinal character, and theretore
give rise to modulation of both diagonal and off-diagonal
elements of the dielectric tensor of a thin film through
elasto-optic coupling. If elasto-optic coupling is a significant
source of diffraction, then a component of the difiracted
probe beam should be polarized at an angle 90° relative to
the incident probe beam (depolarized or VH scattering). The
magnitude of this component relative to the non-depolarized
diffracted component depends on the square of the ratio of
off-diagonal to the diagonal elasto-optic coupling coethi-
cients. By contrast, for a coplanar scattering geometry
surface ripple does not rotate the polarization of the dif-
fracted light.

In addition, if elasto-optic coupling were the dominant
diffraction mechanism, the signal intensity would be inde-
pendent of scattering wavevector q since the acoustic strain
induced through bulk ISTS excitation is g-independent. By
contrast, surface ripple arises from components of the acous-
tic displacement rather than strain and should thus vary as
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q~'. Signal from surface ripple depends on the square of the
displacement, and as detailed below the signal intensity due
to surface ripple decreases approximately as q~=

In experiments performed above, no depolarized compo-
nent of the diffracted signal was detected. It was also
observed that the diffracted signal intensity decreases
sharply as the q is increased. This indicates that the dif-
fracted signals are due predominantly to surface and inter-
face ripple induced by the pseudo-Rayleigh waves.

EXAMPLE 3

CW Probe

A further embodiment employs a continuous wave probe
pulse from, e.g., a CW argon laser generating a CW beam of
known duration in place of the YAG laser in Example 2. The
probe laser wavelength may be in the visible, 514 nm, and
probe pulse width controlled by an EO modulator (in place
of the doubling crystal shown in FIG. 3). (No electronic
delay 1s necessary for the CW experiments.) This embodi-
ment, similar to that of Example 2, allows the transient
response from each eXcitation shot to be completely
detected. In this method the probe beam has a time-inde-
pendent profile, thus enabling reduction in noise contribu-
tion when subtracting the probe beam profile from the
detected signal.

Referring to FIGS. 5 and Sa, raw data from an unsup-
ported polyimide film using a YAG laser excitation source at
A=266 nm, 100 psec (a quadrupling crystal is used in place
of tripling crystal 28) and a gated (500 psec) small frame
argon 1on CW probe (about 50-100 micron beam size, with
single line power of about 1 watt) is illustrated for 200 signal
averaged excitation shots and a single excitation shot,
respectively. Despite the relatively low intensity, about 50 to
100 times lower than the Q-switched probe used in the
experiments above, good data was obtained. Care should be
taken to efficiently gate the beam to avoid overexposure
which can lead to damage of the sample. In these experi-
ments, a Q-polarizer was placed before the EO gate.

An advantage of the gated CW probe is that thermal
process which occur on timescales larger than acoustic
processes can be efficiently monitored. Likewise. the long
temporal widths available with the CW probe allows the
entirety of the sample acoustic profile to be detected. In
addition, by including frequency dependent loss modulus,
the experiments can account for acoustic dampings. Refer-
ring to FIG. 6, a thermal decay curve of the polyimide
sample over a microsecond time scale is shown. Similar data
can be obtained from a single excitation shot.

Theoretical Treatment and Parameter Optimization

A discussion of the features of the data obtained and a
theoretical analysis that leads to optimization of the experi-
ment for detecting signal predominately from the induced
surface ripple. follows.

In ISTS. two ultrashort laser excitation pulses are crossed
temporally and spatially at the sample. An optical interfer-
ence pattern characterized by scattering wavevector q is
formed. where q is the difference between the wavevectors
of the crossed pulses. The scattering wavevector magnitude
q associated with each excitation angle 0. can be calculated
according to:

(1)

where A is the wavelength of the excitation light.
Experimentally, referring particularly to the data obtained in
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the experiments performed as discussed with respect to FIG.
3 et seq., data can be recorded as a function of the excitation
angle O for all the Pyralin/Si sample thicknesses. The angles
used in this study are 0.48°, 0.68°, 0.72°, 0.92°, 1.07°. 1.17°,
1.62° 1.67°, 1.77°, 1.93°, 2.37°, 3.40°, 3.92°, and 5.85°.
(These angles may be measured mechanically using a cali-
brated rotation stage and are accurate to +0.05°.) The
corresponding scattering wavevectors according to (a) are
0.15,0.21.0.22,0.28, 0.33. 0.36, 0.50. 0.52, 0.55. 0.60. 0.73,
1.05, 1.21, and 1.81 inverse microns. These are accurate to
10.01 inverse microns. The wavevectors were chose to lie
along a crystal axis of the silicon substrate. However,
experiments performed with a wavevector magnitude of
0.52 ym™ on a 5.81 Pyralin film sample showed no
dependence on wavevector direction.
I. Surface Ripple Amplitude

An order of magnitude estimate can be made for the
surface ripple generated in an ISTS experiment by calculat-
ing the magnitude of the temperature grating set up by the
excitation laser pulses and then relating this to a displace-
ment amplitude using the linear thermal expansion coeffi-
cient. The temperature change AT for light impinging on the
surface (in the y=—h plane) in the y direction and setting up
a grating of wavevector q in the z direction can be written
as in eqs (2-3).

AT(p7) = Ae™™ [1 + '] (2)

1 (3)

A =

o Pal- Rl

Here, 2.303C is the material absorption coefficient, I. is the
total energy per unit area of the excitation laser pulses, p is
the mass density, C is the heat capacity per unit mass, R is
the reflectivity for the material/air interface and P_ is the
fraction of absorbed light that is converted to heat. An upper
limit for the average value of the temperature increase over
the thickness of the film can be estimated with (2) by scttmg
P_=1 and R=0. For these experiments. E—l 6 mJ/cm* and
C—l 3 pm™. Using values of p=1 g/cm?® and C=2.3 J/(g.K)
which are typical for polymers leads to an average tempera-
ture increase of approximately 8 K for a 4 ym thick film.
This temperature change can be related to the change in

the y-direction length of a volume element L (y,z) using the
linear thermal expansion coefficient o, as in eq. (4).

oL, (3 2)y=0pAT(y, z)dy (4)

For the general case. the total surface ripple R,;,(z) can be
found by integrating this expression over the sample thick-
ness. For a thin film of thickness h attached to a nonabsorb-
ing substrate as in these experiments the integration extends
only over the thickness of the film. Performing this integra-
tion leads to eq. (5).

1

RHP(Z) = pC )

Pl - Rl — e~Fyoy[1 + e}

Using a typical polymeric value of ot,=80x10 °m/(m.K)*®
for the linear thermal expansion coefficient yields an upper-
limit estimate of 0.005 microns for the surface corrugation
amplitude excited by ISTS. This estimation assumes that
neighboring volume elements slide by one another, and does
not consider the effects of stress that will tend to reduce the
corrugation. For this reason, expression (5) does not show
the expected 1/q dependence.
II. Theory

In order to extract the elastic constants of the thin film
from the pseudo-Rayleigh mode frequencies measured at
different scattering wavevector magnitudes q, the dispersion
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of aXq) for the various modes is to be understood. In fact, the
frequency depends only on the product gh, where h 1s the
film thickness, so that the results of measurements on films
of different thickness can be compared. As mentioned
earlier, the ISTS excitation efficiencies and the probe dif- 5
fraction efficiencies for each of the modes are to be deter-
mined. The ISTS signal expected from a supported film is
derived below treating the excitation then the probing pro-
cess. An isotropic theory is used since no effects of the

14

film, since boundary conditions must be satisfied. In
particular, for a thin film in intimate contact with a substrate,
the material displacements and the normal components of
the stress must be continuous across the interface and the
normal components of the stress at any free surface must
vanish. These boundary conditions lead to coupling between
the longitudinal and transverse potentials so that every

surface acoustic mode has both longitudinal and transverse
character.

elastic anisotropy of silicon or the film were observed. 10  The film/substrate system geometry is depicted in FIG. 7.
A. ISTS Excitation of the System The substrate fills the region from y=0 to y=-+H and the film
Starting with the equations of thermoelasticity for an fills the region from y=0 to y=-h. It is assumed that the ISTS
isotropic, elastic, and homogeneous medium: excitation beams form an infinite uniform grating pattern
| with wavevector q in the z direction which is independent of
c4V2u + (c11 — )V (V - 4) =4V T+p 02u 6) 15 X and.dan:q?ed alr:mg y f;lue !:0 optical absorption. In this
o analysis, H is considered infinite so that the substrate fills the
- 3 whole y>0 half space. (The corrections that occur when the

) U (7} . v . . R
KV2T - Cp—— — MKV + i =0 finite size of the substrate is explicitly accounted for is

_ _ o ‘ discussed below.)

In these expressions u is a vector describing the material .,  The first step in solving equations (9)—(11) is to determine
displacements, T is the fluctuation in temperature relative to the temperature distribution set up by the excitation pulses.
the equilibrium temperature, p is the equilibrium density, The dynamics of thermal diffusion take place on a much
and ¢,, and ¢,, are the elastic constants which are related to longer timescale than the acoustic dynamics. Thus, for
the bulk longitudinal and transverse acoustic velocities analyzing the excitation of the film-substrate system, “ can
according to V;=(C,,/p)"“and V;=(C,,/p)"”. yis a constant »s pe set to zero in eq. (9). In ISTS, the excitation laser pulse
related to the elastic constants and the coefficient of linear duration is short compared to the acoustic oscillation period.
volume expansion ot by Y=(3¢;;—4C4,)0tp K is the thermal  pere it is assumed that conversion of optical energy to heat
conductivity. N=yI,/ K and C; is the constant strain specific through molecular electronic and vibrational relaxation also
heat per unit mass. Finally, Q represents the absorbed heat  oeeyrs on a fast time scale relative to the acoustic oscillation
per unit time per unit volume derived from the excitation 5, period so that the time dependence of Q in eq. (9) can be
laser pulses. _ _ approximated by a delta-function at zero time. More gradual

If u is expressed in terms of longitudinal (@) and trans-  thermglization will reduce all the acoustic amplitudes but
verse (‘F') potentials, should not affect the relative amplitudes of the different

_ modes substantially. Equation (9) is solved for the tempera-
EVETVEVYE0 ) 35 ture distribution sefup%y the laser excitation beams to 1;ia:-::ld
then equations (6) and (7) can be rewritten as follows. eq. (12).
— A M) =

V- Co —%fr 0 ©) Tz H)=Ae [1+e9°]6(F) (12)
4o Here, 6(t) is the Heaviside step function which turns on at
V2 — %% v (10) ™ =0, and A and { were introduced in eqs (2-3). Since the film
‘e o Peul absorbs strongly and the silicon substrate reflects the 355 nm
Iy (11) excitation light used in these experiments, T(y.z,t) is only

T2y — CL —- = nonzero in the film (for ~h<y<0).
4s  With this functional form for the temperature distribution,
It is assumed that longitudinal compressions do not cause equations (10) and (11) can be solved using transform
substantial changes in temperature (1~0 in eq. (7)). techniques. Since the temperature distribution is indepen-

Note that for a bulk system, the last two equations dent of x, all derivatives with respect to X are neglected.
describe uncoupled longitudinal and transverse acoustic From the geometry of the system and the nature of the
modes respectively. Since the laser heating enters through 5, temperature distribution given in (12), a Laplace transto
eq. (9) which is only directly coupled to eq. (10), ISTS only for the time variable and exponential Fourier transform for
excites longitudinal acoustic modes in bulk isotropic sys- the z coordinate are the natural choices. The transformed
tems. However, this simple picture breaks down for a thin solutions for the potentials ¢ and y are then found to be,

~ (13)
5 | 52
Ay(k s)exp ( vy K2+ ) + By(k,s)exp ( ~y.| K+ > )
If If
o= { o[ MM ]k
—s?+ i, —kzv%f+ Cvis— s
S oy NP ey
Colls)exp | yy| k°+ + Dol s)exp | —y\| ¥+ H>y>0
I Vis
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-continued

Y(kys)=

52

Culk, s)xexp ( y \ k2 +

Is

where k is the Fourier transform variable conjugate to z and
s is the Laplace variable conjugate to time (4). In these
expressions, "Lf, "TT, "Ls, and "Ts are the bulk longitudinal

and transverse velocities in the film and substrate respec-
tively. In taking the Laplace transform, the initial conditions
that there is no displacement or motion at t=0 when the laser
pulses first arrive at the sample have been used. Note that
choosing the only nonzero component of  to lie along the
X axis allows for trivial satisfaction of the gauge V-y=0 used
here. Finally, all but the third term in the expression for the
longitudinal potential in the film are homogeneous solutions
to the equations of motion. This third term is the particular
solution of equation (10) and can be thought of as driving the
motion of the film and giving rise to a response consisting
of a longitudinal disturbance propagating along z, a periodic
stress pulse propagating along y, and a dc response.

The variables A (k.s), B, (k.s). D,(k.s) etc. are potential
constants which are determined by imposing the necessary
boundary conditions and physical realizability requirements.

Aw(k,s);exP(y,l B2t )+Bw(x;s)§exp(-y,‘ RS )—k{y(ﬂ

) + Dy(k s)xexp ( ~y\| K+

16

(14)

&2

Ts

)H}y:b-[]

10 For the system of FIG. 7 with H infinite, the terms involving
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Cy(k.s) and Cy(k.s) represent physically unreasonable solu-
tions. For this reason, they are set to zero. The other six
constants are determined with the boundary conditions. As
stated earlier, these are that u and the normal components of
the stress are continuous at y=0 and that the normal com-
ponents of the stress vanish for y=-h. The stress tensor is
calculated using the Duhamel-Neumann relation shown in
eq. (15) in order to properly take into account the contribu-
tion from the temperature grating.

Ju; ou; (13)
Oi = c44 o5 +—$j— +1{cu —2c4)V - u—yT10y

Using equations (8), (15) and (12)—(14), the boundary
conditions can be imposed. The six relations thus derived are
most conveniently expressed in matrix form,

CD=F (16)
(1 + p2)e ™ (1 4 p2)enth 2ipe-phi ipettt O 0 (17)
2ine™h  Dinerkh (1 4 p2)enth (1 + p2)enkk () 0

c=| 1+7° 1+p? 2ip —2ip —~(1 + g 2irg
2in —2in —(1 + p?) —~(1+p%) 2img (L +r)g
-1 1 —ip ip 1 —ir
in ~in -1 ~1 im 1
A (18)
By
A

D= Bx
D,

Dy,
(19)
Bk +8k—q) , Vif ( -y r ) 3(k) . 3k — g)
k2 k2 V£ k> v AC? 2_ 2
V2 4 = V2 + vl ( = )
20vrf S(k) . S(k —
ik> Vi G2 (2 42
W+ = V2 + v ( = )
I —e~4a(5(k) :—2 S(k - q)) e“i’:’uz ( —~(vif —[;221-’112) N % ) agzzg — Sk — 4)
. ‘ v . V .
iA Ry ( G-k )
F= Yy k2 12
vifpky 264Gy 3k, S(k —
3 ,
‘ 1 V2+ VIJ:EZ V2+ Vle‘z ( _gzzz_"z )
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-continued
vy avk & T v _z 2
———— — Kk
k2 2+ 2 V2 + 1’[;2 ( -gkz— )
e‘ﬁd"vjyz —J—Lav; C > -+ ——-J—i)—ﬁ K _'2 ”
k3 2+ 7 V2 + v f ( -q;c'z— )
(20)
_ s
n=y|1-
vif
(21)
P=y\|1- v
VIY
(22)
m=y|1- v
VLs*
(23)
r=yt1- v
VT.’F2
(24)

and p. and p, are the densities in the film and substrate
respectively. The first two rows of the matrix equation
ensure that the yy and the yz components of the stress
respectively are zero at the surface of the film. The next two
rows require continuity of the yy and yz components of the
stress respectively at the interface. Finally, the last two rows
require that the z and y components of the material velocities
respectively are continuous at the interface. For notational
convenience, the k and s dependence of the potential con-
stants has been dropped. Also, the Laplace variable s has
been written as s°=—w°=-v-K* where w is the real frequency
and v is the velocity of the acoustic mode solutions. This
transformation limits the possible solutions to strictly
pseudo-Rayleigh modes with velocities below the transverse
velocity of the substrate. A continuum of “leaky mode™
solutions with complex frequency are also possible for
velocities greater than V... These solutions are damped as
energy is “lost” to the semi-infinite substrate. Normal mode
solutions of eq. (16) occur when
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An example of typical dispersion curves for the substrate
loading case (ie. "Ts>"Tf) is shown for the lowest 16 modes
in FIG. 8. As gh approaches zero only one mode, whose
velocity approaches only one mode whose velocity
approaches that of the substrate pure Rayleigh mode "Rs,
exists. At large gh, this lowest mode approaches the pure
Rayleigh surface mode of the film with velocity "Rf. Each of
the higher velocity modes, often called Sezawa modes, has
a limiting gh value below it does not propagate. At this gh
value, the velocity of each mode is equal to the substrate
transverse velocity “Ts. As shown in FIG. 8, as gh 1s
increased, these modes all asymptotically approach the
transverse velocity.

In order to solve for the displacements of a particular
mode j excited through ISTS, one must solve the full eq. (16)
for the potential constants at the gh value and velocity of
interest. It can be shown using egs. (8) and (13-14) that the
normal mode displacements ¥ with wavevector q obey the

det(C)=0 (25) following equation
W(guzt) = [4](.)5 + ul(gy)le e (26)
where
— = L e (27)
iAo — Be Y] + iglAyOFi + ByleIPi| - h<y <0
”}'i (@y)= —_ — _.
—qmyDyle 9% + iqD\yJeFj y > 0
= - — == (28)
iglAg@T — Byle Y] + qp; [-AYOP) + ByeYPi| - E<y <0
"}'i (g:)’ ) —

igDyfe e + grDyJe T y > 0

Aside from kh and v, the matrix ¢ only contains constants
related to the film and the substrate. All of the laser and
optical properties appear in the column matrix F. Thus, eq.
(25) can be solved to yield the dispersion relations (gh vs. v
where q is the acoustic wavevector) for the various pseudo-
Rayleigh modes irrespective of the ISTS excitation source.

60

63

In these expressions, the tildes denote the residue of the

quantity evaluated at the appropriate pole. Note that the
material displacements oscillate with frequency ©=vgq.
Examples of the pseudo-Rayleigh displacements for various
modes at one gh value are showing in FIG. 8. The total
displacements at a particular wavevector and sample thick-
ness will be the sum of the uj values for each pseudo-
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Rayleigh mode plus a nonoscillatory term due to steady-
state thermal expansion.
B. Probe Diffraction

In this section, an analysis is presented of diffraction
appropriate for the ISTS experiments described here in
which ripple effects were found to dominate. The equations
below are the reflected and transmitted first order diffracted
components of light from a corrugated half space, modified
to deal with the case of arbitrary indices of refraction on

either side of the corrugated interface, and to the case of 10

standing wave corrugation. In addition, index modulation
contributions to the phase are neglected. The results are,

20

represent the probe and diffracted beam paths for the two
final signal directions seen experimentally. The first three
paths show the components involving diffraction from the
film surface ripple. The fourth path describes the component
arising from diffraction from the interface ripple. In general,
all four components contribute to the diffracted signal in the
two signal directions.

The electric fields at the detector associated with these
four diffraction contributions can be obtained using egs.
(29-30), Snell’s Law, and taking into account reflective
losses at the film-air interface. In the following,. it is assumed
that all light striking the film-substrate interface is reflected.

N o (1 + 1(6;))cos04 - (1 — r(6;))cosby g(1 + r(8;))(sinb, + sinb;) (292)
Ey=a NI, cmeintbie] (o) (_“"“T im)
o = ﬁ(t)n;k‘-(f:ﬂsed + CDS@i) (ng)
5inB441 = sind; £ —I— (29¢)
Hlfu;
n ny . (302)
(1+r(8:)) —— 058+ (1 - r(8;))cosb; q(1+r(8) | ~— sinb, +sind; )
E,=Fa VNI, ebreimkiRo] 1(01) 2cos6; * ny
2n1k; cos0; ( - cosb,; + cosb; )
- (30b)
o' = 0(Dnik; - cos0; — cos0;
LM (30c)
smﬁrﬁ- 2 sm&izi_—
In these equations. I, is the intensity of the probe measured In addition, due to the spatial size of the probe pulse, the
in medium 1. and k; is the wavevector of the probe measured thickness of the film, the index of refraction of the film, the
in vacuum. 9; is the angle of the probe relative to the g avevector of the corrugation, and the angle of incidence, it
corrugated 1interface, a is the unit vector representing the : s .
> : : : 35 1s a good approximation to assume that all of the diffracted
polarization of the probe, r is the reflection coefficient for . _
transmission from medium 1 to medium 2. and R, is the  0¢ams give in FIG. 9a or 95 emerge from the same point on
distance from the point at which the diffraction is generated the film and travel parallel to one another. The results,
to the detector. Also, q is the wavevector of the corrugation, written in terms of sums over pseudo-Rayleigh mode
and 6(12) 1S the time dependent amplitude of the COI‘I'llgatiOIl. 10 amp]jtudes,_ are shown in the fo]_lowing equaﬁons,

Finally, the upper signs refer to the +1 diffracted order, while
the lower signs refer to —1 diffracted order.

For a thin supported film, there are four sources of first
order ripple diffraction which must be considered. These are
shown schematically in FIG. 9. Parts A and B of this figure

. N
E =+a N1, Kjeive-itik, 2 wilay=—Hysinlugi)

1 + r{6;))cos84 — (1 — r(6;))cosb;
K1 = ki(cosBy + cos6;) [ _(___M_)_)__

4cosB;
sinB e = sind; + 1‘?—
: . N
E> =+at(6;) V:_ﬂ Kze‘“e‘kfRoe""kfhzj:% uy (g y =—h)sim(vjgt)

1+ r(8;))ncosd, + (1 — r(8))coss;
K> = ki(ncosB, — cosb;) [ _(_Ml_%

SinBy = - Sing; + T

n ~  nk;

N
Es =+an(0) N1, Kseite-tiRoe-inki3 - wilay =-Hysintan)

. g(1 + r(6;))(smb, + sinb;)
T4 c0s0; (cosy + cosB)

(31a)

] (31b)

(31c)

(32a)

q(1 + r(6;))(nsind; + sinb;) ] (32b)
4k cos8{ncosB; — cosb;)

(32¢)

(32d)

(33a)



5,633,711

21

22

-continued

K3 = kf{cos8; — ncosOy) [ 4cosO,g

sinBp 1’ = nsinQ,s -i-

4

__2h
hy = coSOpr

* 1 » .
— Hl —— *
8, =sin ( ~ s1ns; )

o : N
E4 = +at (6;): '(04) Vf_a K4e‘“e“‘klﬂoe"'”k1h4j50 uy'(q,y = 0)sin(v;qr)

ncosOy q(snb, + sinby)

K4 = nki(cosB4 + cosOs) [ oo

SinBgs" = sind p F —3—
nk;

h__ . h
cosb  cosBgy

hg =

Here, j runs from O to N and represents the mode solutions
for >0 and the dc term for j=0 (ie. vg=0). Also, t is the
transmission coefficient for passage from the air into the

film, and t' is the transmission coefficient for passage from
the film into the air. Finally, in these expressions the small-

argument expansion of the Bessel function (J,(X)~x/2 for
x<<1) has been used since the rippled amplitude (as esti-

mated in section IV) times the grating wavevector magni-
tude is small compared to one for all excitation geometries
investigated in this experiment.

The signal intensity can be written as the square of the
sum of the four electric fields given in eqgs. (31-34). The
resulting intensity will exhibit varying interference effects
depending on the probing angle and wavelength, the index
of refraction and thickness of the film, and the grating
excitation wavevector. For the purpose of analyzing the
relative intensities of the various pseudo-Rayleigh modes in
an ISTS experiment, the only important interference occurs
between the E-fields derived from the surface ripple (E;-E,)
and the field derived from the interface ripple (E,). Such
interference can cause a mode with a large surface corru-
gation amplitude to only appear as a weak Fourier compo-
nent in the experimentally measured diffraction signal and
vice-versa. The final ISTS intensity (I) can be written in a
manner which emphasizes this effect as

I=1, [ ? [(F(r, by ki,q,0:)u/(q,y = —h) +

G{n, by ki,q,0)u/(q,y = 0))sin(vigh] X c.c. ]

where F and G are functions determined by summing terms
in equations (31-34). This expression was obtained by
averaging over an optical cycle with the assumption that
acoustic terms are constant over this interval. It can be seen
that, in general, the measured signal consists of a dc term, a
series of heterodyned components oscillating at the pseudo-
Rayleigh mode frequencies which arise from a beating
against the dc term, and terms oscillating at sums and
differences of the normal mode frequencies.
C. Qualitative Considerations

The relative intensities of the various modes seen with
ISTS depend on two factors—the extent to which the
different modes are excited by the pump pulses and the
efficiency with which the surface and interface mode dis-
placements diffract the probe pulse. Both of these factors can

(1 + 7(0,£))cos0; + n(1 — r'(B))cosb

+
~ 2kicosB,{cosBy + cosOyy)

(35)

(1 + F'(6,4))(sind; + nsind,z)
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] (33b)
4k;cos0{cosB; — ncost )

(33¢)
(33d)
(33€)

(34a)

(34b)

(34c)

(34d)

be quantified at a particular gh value by solving the full
matrix eq. (16) for each mode. This was done using the
elastic constants found for the Pyralin/silicon system as
described below. Aside from an arbitrary laser-intensity
dependent constant factor, the only additional input param-
eter needed to perform this computation was the Pyralin
absorption coefficient . This was measured to be 1.3 pm™
using a Pyralin film coated onto a fused silica substrate. FIG.
10 shows the results of the calculations at gh=2.5. This
figure shows material displacements for the first eight modes
that exist at this value of gh. The relative excitation effi-
ciencies for the different modes are indicated by the relative
amplitudes A. (A=1 for the mode with the largest
displacements.) The surface ripple amplitude relative to the
maximum amplitude for each mode is given by R. Modes

with large values of the produce AR contribute most to ISTS

signal. There are several guidelines that can be determined
through a study of these and other figures that allow for an
understanding of the level of excitation and the resulting
diffraction efficiency of a particular mode. First, modes with
fewer spatial modulations along the y direction are excited
more strongly than those with many nodes along y. This 1s
reasonable since the heating excitation mechanism will tend
to displace material in only one direction for a give value of
z. Next, lower velocity modes in general have larger peak
displacements than high velocity modes. This is due to the
fact that as the mode velocity is increased and approaches
the substrate transverse velocity, the mode displacements
become spread out over both the film and far into the
substrate. This leads to small peak displacement amplitudes
compared to those of the low-velocity modes whose dis-
placements are well localized in the film. Finally, it is
evident that some modes involve much more surface and
interface ripple than others. Since detection results predomi-
nantly from diffraction from surface and interface ripple,
only modes with significant surface displacements along y
are detected. With these guidelines, it is possible to quali-
tatively explain relative signal amplitudes from the various
modes over a wide range of gh. For purposes of data
analysis, the calculations provide a clear indication of which
modes in a thin film are likely to be observed in ISTS data.
In most of the data. only one or two frequency components
are observed predominantly. Dispersion curves like those in
FIG. 8 can be fit to the frequency values determined from the
data, which the elastic moduli as adjustable parameters to be
deduced from the best fit. To do this correctly it is essential
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to know which modes are under observation, i.e. which of
the many dispersion curves should be fit to the experimen-
tally determined frequency values. Another qualitative con-
sideration that explains why ripple amplitude is small for
modes with large velocities (which explains drop off for
modes at a given gh and for all modes as gh is decreased to
small values) 1s that modes are fast because they involve
substantial motion in the substrate which is very stiff com-
pared to the film (i.e. it is motion in the substrate that “speeds
the mode up”). Since the substrate is very stiff, equal energy
deposition will resuit in smaller displacements for fast
modes.

FIG. 10 illustrates bulk and surface ripple amplitudes for
a single value of wavevector q. given the film thickness h.
FIG. 11 is a three-dimensional plot showing the calculated
film surface ripple (the product AR) excited through ISTS as
a function of gh and velocity for the various modes in 1 pm
film. FIG. 12 displays the analogous results for the interface
ripple. The x-y plane of these figures shows the mode
velocity dispersion as in FIG. 8. while the z axis shows the
relative ripple displacements for a given energy density of
the ISTS excitation pulses. Note that since the displacements
associated with each pseudo-Rayleigh mode are different,
the relative ripple displacements for the film surface and the
film—substrate interface are also different. Both., however,
exhibit the same general trend of decreasing ripple ampli-
tude with increasing gh. For fixed h as in this simulation, this
corresponds to decreasing mode displacement amplitude
with increasing wavevector which, as discussed earlier, is
expected for ISTS excitation. In addition to this decrease in
amplitude which is approximately like 1/q for values of gh
above 1, there is a distinct decrease in the magnitude of the
surfaces ripple for small values of gh. This decrease is
attributed to the fact that as q is decreased to values near
zero, even the lowest modes take on large velocities. Thus,
as discussed above, these modes are not well localized and
so have small peak displacements. For this reason. the ripple
due to such modes is small.

In addition to the decrease in surface ripple at both high
and very low values of q. it is seen in FIG. 11 that there is
a “‘cross-over” near gh=1.5 where. upon increase in gh. the
surface ripple due to mode two becomes small and that due
to mode one becomes large. This occurs because the char-
acter of these two modes switch in this region. This “cross-
over” is evident from the dispersion curves of FIG. 14. in
which there is an “avoided crossing” of the first two
frequencies. and through a comparison of modes one and
two at ¢h=2.5 given in FIG. 10 and at gh=0.8 given in FIG.
13. (The presence of this cross over effect is a property of
ripple phenomena.)

The relative contribution of each pseudo-Rayleigh mode
to ISTS signal can be calculated using eq. (16) and the ripple
information contained in FIGS. (11-12). The resulting mode
intensity ratios can then be compared to the ratios found in
the raw ISTS data for each value of gh and h. When the
interface displacements are not negligibly small compared to
the surface displacements, interference effects between these
two contributtons to diffracted signal become important so
that with different experimental conditions—such as probe
angle of incidence or film thickness—ISTS data can show
vastly different mode intensity ratios (cf. eq. 33).
Conversely, when one or the other set of displacements
dominates, interference effects can be ignored and the result-
ing mode intensity ratios become independent of the precise
experimental conditions and mimic the behavior of the
relevant ripple displacements. From FIGS. (11-12) it is clear
that the theoretical surface displacements are over an order
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of magnitude larger than the interface displacements for the
two lowest velocity modes with gh values above ~0.5, while
for the other modes and at lower gh, the surface and interface
displacements are of the same order. Calculations performed
at other film thicknesses between 1 and 5 um show this same
general behavior. Thus, for the samples examined in this
study, one would expect the relative intensities of the two
lowest modes to mirror the relative intensities shown in FIG.
9 for gh>0.5. (An analysis of the complete mode intensity
spectrum requires the full solution of eq. (35).)

D. Ouantitative Analysis of ISTS Data

As stated earlier, the dc term dominates the ISTS signal
for these experiments. In fact the power in the zero-
frequency peak of the Fourier transforms ranged from 30 to
200 times greater than the acoustic peaks. Thus, the hetero-
dyne terms in equation (35) dominate and the frequencies of
the most intense Fourier peaks will correspond to the
fundamental pseudo-Rayleigh mode frequencies ;.

The values of ; found for all the scattering wavevectors
and sample thicknesses in this study were converted to phase
velocities and plotted versus gh. The results are showing in
FIG. 14. In cases where multiple modes were excited, only
those with Fourier transformed intensities greater than half
that of the largest were plotted. In addition, to eliminate the
possibility of spurious peaks due to sample imperfections,
data points were taken at several spots on each sample and
only frequencies that were consistent from spot to spot on
the same were kept. The estimated experimental uncertain-
ties for the velocities range from 1% at the highest gh values
to 5% at the lowest gh values observed for each sample. The
gh values are accurate to 20.1. The main source of error
results from uncertainties in the scattering wavevector which
are derived from uncertainties in the mechanical measure-
ment of the scattering angle. This error can be substantially
reduced by deducing the scattering wavevector directly from
ISTS data taken with a well characterized reference sample.

The solution for the pseudo-Rayleigh mode dispersion for
this system requires the density and the longitudinal and
transverse velocities for both the silicon and the Pyralin as
inputs. For silicon. p =2.33 g/cm and the isotropic velocities
are "L ;=8945 m/s and "T =5341 m/s. For Pyralin, the values
given by Dupont for the density and Young’s modulus (Y)
are 1.45 g/cm” and 2.4 GPa respectively.?? To the inventor’s
knowledge, there is no reported measurement of Poisson’s
ration (v) for this film. All three of these values are necessary
to obtain the longitudinal and transverse velocities for the
film according to eqs. (36) and (37).

- Y (36)
vr = 2p(1+Vv)
Y V (37)
V= ST [ LTy ]

Different sets of dispersion curves were generated by solv-
ing eq. (25) using the silicon and Pyralin parameters given
above and varying Poisson’s ration for Pyralin from 0 to 0.5.
None of these theoretical data sets were able to fit the
experimental data adequately. The experimental data was
thus fit numerically using the Marquardt-Levenberg nonlin-
ear least squares algorithm and allowing all three of the
Pyralin parameters to vary. In performing such a calculation.
one must assign each experimental point to a particular
dispersion curve. This was fairly straightforward for the data
shown in FIG. 14 since the experimental points group
together into well-defined curves resembling the pseudo-
Rayleigh dispersion curves. The theoretical results shown in
FIGS. 11 and 12 and discussed above indicate that the lowest
velocity pseudo-Rauleigh modes should give rise to the
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strongest signals for most of the wavevectors used. It was
therefore assumed that the two lowest-velocity sets of data

points correspond to the two lowest-velocity pseudo-
Rayleigh dispersion curves. The Pyralin velocities ("Lf and

26

crossover, while at higher gh values the only observed data
points correspond to the first mode. A quantitative mode
intensity analysis is possible by accurately fixing or measure
the probe angle of incidence @; since, according to eqs

"TY) parameters were adjusted {0 ﬁt_ the points on these 5 (29-34), changes in 0, significantly change the values of F
lowest-velocity curves \g.rlth the density fixed at th‘e mea- and G in eq. (35) which in turn can change the final mode
sured value of 1.45 g/cm”. FIG. 14 shows the data points and intensities seen in an ISTS experiment.
g;: i&sginfuﬁee:a\igz il;ltillﬁea?é?:nc:lﬂwfolst i?gi_ﬁ(};lellgjl The outlying high velocity data points observed are not
Thg aoreement between these hi hel;-velocit SC;I do: strictly pseudo-Rayleigh surface modes but rather represent
Rayleigrh dispersion curves and th% higher veli cfty data 2O modes which arise from interactions with the free substrate
J e . e " boundary. Their counterparts for the semi-infinite substrate
gg;ts is excellent, with no further aQJusung of any param: are known as “leaky” modes which are damped due to the
Tlie Pyralin velocity parameters determined from the fit fact that they lose energy to the semi-infinite substrate as
are YLf=2650 m/sec and "Tf=1160 m/sec. While it is never they propagate. The behavior of the modes can be elucidated
certain that the global minimum in the value of %2 using 15 by treating the finite size of the substrate explicitly. This is
nonlinear least squares fitting routines is reached, these  demonstrated below. _ _ o _
values correspond to the lowest minimum found after start- The solution for the transient grating excitation of a thin
ing from many different initial guesses for the parameter film coating is gencralized to include the effects of a
values. Varying either of the Pyralin velocity parameters by substrate with finite thickness. The formal solution for the
10% led to substantially worse fits. Varying the substrate 20 displacement potentials is still given by egs. (13-14).
parameters by the same amount led to worse fits for values ~ HOWever, now the finite substrate has a free boundary at
of gh<1, but did not affect the quality of the fits at higher gp ~~ Y=H (cf. FIG. 7) which is ignored for the semi-infinic
values. It is thus estimated that the overall uncertainties in ~ SyStem- For this reason, the C, and C,, terms of eq. (13-14)
the pyrlain velocity parameter values to be +5%. are no longer unphysical and must be retained in order that
The relative intensities of the two lowest modes can be 25 the Ponnal components of the stress at this new surface can
compared to the film surface displacements of FIG. 11 for ¢ 1ixed to zero. . .
qh>0.5. Experimentally, FIG. 14 shows that at least one of With the two new boundary condition equations and the
these two modes is present for all the samples. According to WO new unknown potential constants, eq. (16) becomes an
FIG. 9, the second lowest mode should dominate from 88 matrix equation. Using the Duhamel-Neumann expres-
gh—~0.5 to gh~1.5 while at higher gh values, i.e. above the 30 Slon f_or the stress (eq.) 15:}..' and assuming as before that
crossover discussed earlier, the lowest mode should have a  there is no heating of the silicon, it can be shown that the
higher intensity. Upon examination of FIG. 12, this quali-  0eW malrix equation takes the form
tative behavior definitely obtains since, for all the samples, ODF (38)
the density of observed data points is much higher for the B
second mode than for the first gh values less than the where
C = (39)
(1 + p2)e™ (1 + p2)enth Qipepk: —2ipertt 0 0 0
2ineTkh ~2ineth (1 4 ple Tkt (1 + p2)ents 0 0 0
1+ p2 1+ p? 2ip —2ip —(1+1r)g 2irg {1+  2irg
2in —2in —(1 +p?) —(1+p%)  2img (1+7r%)g —2img (1+r)g
~1 -1 —~ip ip 1 —ir 1 ir
in —in -1 -1 im 1 —im 1
0 0 0 0 —g(1 + P)e~Md QjgrefH  _o(1 + PR)emdH DjgreiH
0 0 0 0 2igme=H  a(1+ Ry Qimem o(1 + PR)erH
Ao (40)
ﬁtb
_ W
D=| p,
Dy
Dy
| (41)
(k) +3k—q) V& (..:E}f_fa.f:ﬂ*ﬂ_ +_t&) L Bk-q)
K2 k2 vif k2 viFC? 2_ 2
v+ 2 v+ [;2 ( _C.,kz_ )
ZC:?Z S@G N 3(k — g)
] v (2 k2
V2 + m P2+ vzﬁ( = )
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-continued
N R _ ,
—e~HA(3(k) :—2 S(k— g)) e ;uz ( ~(vi? I;vnz) . _E; ) 8(:2) - . S(k —
* ’ 24— v2+m2(_§_2—k3 )
Foei8Y k2 k2
vIFpkv 2674y kY . 3(k —
ik3 viAC? (2 2
2+ n W+ v f ( = )
—e~tdyp S:Z)zcz + ok - .
e G
e~Ldryz2 Sik) 2 + — Ok-g) _2 .
% V2 + = V2 + vl ( E-Zz—‘t" )
0
0

Information is extracted from this matrix equation with
the same techniques that were used for the 6x6 equation in
the main text. The resulting dispersion curves for the thirty
lowest velocity modes of a system composed of 3 pum
Pyralin film on a 330 pum silicon substrate are showing in
FIG. Al. One can see that relaxing the semi-infinite sub-

strate assumption give rise to extra plate modes propagating
predominantly within the substrate with velocities above the

substrate transverse velocity T, which was, in the semi-
infinite case, the cutoff for propagating modes of the system.
The dispersion curves for velocities sufficiently below the
"T; are almost identical to those for the pseudo-Rayleigh
modes calculated using the semi-infinite substrate system
and shown in FIG. 14. The only differences occur at phase
velocities near the cut-off and, for the lowest velocity mode,
at very low (<0.2) gh values. This behavior is expected and
confirms that the semi-infinite substrate approximation is
adequate to explain nearly all of the pseudo-Rayleigh modes
seen 1n these experiments.

The extra plate modes above "T_ are produced as a result
of acoustic reflections from the free substrate surface. They
can be obtained within the semi-infinite substrate approxi-
mation as well, but only as “leaky” modes with finite
lifetime due to energy flow into the infinite substrate. The
existence of these modes for the Pyralin/silicon system used
in these experiments provides an explanation for the ISTS
data points occurring above "T,in FIG. 14.

E. Discussion

The values of "Li=2650%+130 m/sec and "Tf=1160+60
m/sec deduced in this study for Pyralin 2555 combined with
the density of 1.45 g/cm” correspond to a Young’s modulus
of 5.440.5 GPa and a Poisson’s ratio of 0.38+0.02. (The
uncertainties given for Young’s modulus and the Poisson
ratio are calculated from the uncertainties for YLf and "Tf
determined from the study above and do not account for
uncertainties in the film density.) To the inventor’s
knowledge, this represents the first measurement of Pois-
son’s ratio in this material. This value for Young’s modulus
is over 100% higher than the previously measured value of
2.4 GPa. The value of Young’s modulus can depend very
sensitively on the method of film curing. Thus, the difference
is believed due to intrinsic difference in sample character-
istics.

Polyimide films can exhibit variation in the degree of
chain orientation and in density as a function of depth. These
measurements yield values which are averaged over the film
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thickness and so do not provide direct information about
depth dependencies. Measurements of thinner films may
yield different parameters, indicative of differences in film
properties very close to the substrate surface. By tilting the
grating wavevector so that it has a component perpendicular
to the film, it is possible to determine separate in-plane and
out-of-plane elastic moduli. The theoretical treatment out-
lined here could be generalized to take this into account.

In general, there are several different protocols available
for extracting the elastic parameters from ISTS data on thin
supported films. One method, which was demonstrated
above, involves determining the mode velocities at a range
of gh values—by either changing scattering angle or sample
thickness or both—and then varying the elastic parameters
until a good match between theoretical dispersion curves
and data 1s obtained. Experimental error can be reduced with
improved accuracy of the scattering wavevector measure-
ment and an analysis along these lines with fewer gh values
and higher accuracy can be achieved. An alternative or
complementary method involves using the relative ISTS
signal intensity information obtained for the different modes
at each gh values. As discussed, a quantitative analysis of the
relative intensities requires accurate specification of the
incident probe angle, the indices of refraction of the film and
substrate, and the film thickness. The first parameter is easily
determined in the ISTS experiment. The indices of refraction
and film thickness can be measured by other techniques. or
treated as free parameters in a fitting scheme. The elastic
parameters may be extracted using data from only one gh
value at which multiple modes are observed, by fitting both
the pseudo-Rayleigh mode velocities and relative intensities.
With efficient computing algorithms to accomplish fitting,
the elastic parameters may be extracted with the same
real-time rates demonstrated for the data acquisition.
Generally, the experiment can be optimized with an
improved probe pulse temporal profile.

E. Determination of Adhesion Quality

In the analysis described above, the film and substrate
were modeled such that together they form an acoustic
waveguide and together determine the frequencies of the
acoustic waveguide modes that propagate in the film-
substrate system. Referring to FIGS. 16 and 16a, comparing
the dispersion curves for a tightly bound film-substrate
systern with a system in which the substrate is removed
(which would be equivalent to a film-substrate system with
a substrate that has a very low stiffness) it is seen that the
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waveguide frequencies change dramatically. These changes
can be used to detect regions where the film has become

debound from the substrate by sampling the film at various
locations. |

Further, the degree of film substrate adhesion can be 5
determined. For example, the absence of a substrate is

equivalent to the case where the film is no longer stuck to the
substrate. If the film is slightly stuck but not tightly bound,

the acoustic waveguide frequencies are intermediate
between the case where the substrate 1s present and where 1t
is removed. By measuring the actual positions of the
frequencies, the degree of adhesion can be determined. In

the adhesion model, two parameters are introduced (k.. k,,
further discussed below). One is a spring stiffness parameter
per unit area for motions parallel to the plane of the film (k).
The other is a spring stiffness parameter per unit area for
motions perpendicular to the film (K,). Although each
parameter affects the waveguide frequencies, for films with
intermediate degrees of adhesion, we expect that since the
film is in contact with the substrate, the stiffness parameter
(k) for motions perpendicular to the film will be large (i.e.
close to the tightly bound case). Referring to FIG. 17 only
the stiffness parameter for motions paralle] to the plane (k.)
of the film has been varied. (The plot wherein k =infinity
corresponds to the tightly bound case, FIG. 16, and the case
wherein k =0 corresponds to the case of a film on a fric-
tionless surface.) As can be seen from this figure, there is a
smooth variation in the acoustic waveguide mode frequen-
cies between the tightly bound case and the frictionless
interface case (i.e. the case where there is no resistance to
film motions parallel to the plane of the film but there is
resistance to motions perpendicular to the film). The
~ waveguide frequencies are most sensitive to changes in the
adhesion at small wavevector times thickness values.
Therefore, this region can be probed (by varying the
wavevector of the excitation). The plots in FIGS. 16 and 17
were generated by computer algorithm using inputs as
follows.
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0y2(d") = Oy (d") (42a)
[un(dt— u(d)] Kz — % (©,(d") + Op(d) =0 (42b)
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where J; is the stress tensor; v, is the displacement vector;
k. is an elastic stiffness/unit area for motion along the z axis;
k, is an elastic stiffness/unit area for motion along the y axis
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to determine acoustic mode dispersion and excitation effi-
ciency. (Discussion of models for a different purpose can be
found in E J. Margetan et al., Journal of Nondestructive
Evaluation, Vol. 7, Nos. 3 and 4, 1988, p. 131.)

An inertial mass term was used to describe excess mass at
the crack is dropped for the adhesion model.
F. Analysis of Thermal Diffusion Data

Referring to FIG. 18, the following is a derivation of a
technique for measurement of thermal diffusion, using
boundary conditions for a thin film. Starting with the equa-
tion of motion:

02T
dy*

Q represents the heat source; K is the thermal conductiv-
ity; C is the heat capacity per unit mass; and p is the density.

It is assumed that heat flow occurs within the film and out
of the film into the air and substrate. The heat flow out of the
film obeys Newton’s laws of heat propagation (i.e. heat flow
is proportional to the temperature gradient leaving the
following boundary conditions on heat flow:

o7

+82T_CP _Q
ot K

o ZZ K

(43)

oT (44)
-\ = RT
Y ly=p

oT
—~—| =hT
A

In the above, the z axis is in the plane of film and the y
axis parallel to the film thickness with the origin, y=0, of the
film surface and where the film thickness is y=d, h and h'
refate to the degree of thermal coupling between the film and
air and film and substrate, respectively. For ISTS excitation:

With Q=A(1+e9)} (e Y)¥(t), the transformed solution

(using transforms above (see page 29) is:
T(s, & ¥) = B(s, k)exp { —y ( 12 + CES ) } N (45)
' C(s, k)exp { y ( K2+ E ) }
(46)

k cps
G2 - —
where A is the amplitude factor related to excitation pulse
intensity and optical absorption coefficient, q is the
wavevector and ( is the optical absorption coefficient.

Applying the boundary conditions and inverting the trans-
form yields

—Kr,2 47
T@,z,t)z[ 1+exp(-_—](q2— t)e"Bz] Eexp( hd t)F(y,r,,) &)
| cp n cpd?
with

(h—h)nd (48)
13N 1y = s rr—
hE 2 + ry?
and
_ _ i ] (49)
T CNES ST B S E AN RN
2A |
F(yj rn) — —-—---r—z——— .
cp(?;z+ ; ) [Z—d(h‘—h)sinrn-i-(h'—k)(-f— —dcntr,,)cosrn]
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(perpendicular to the plane of the sample surface). These

boundary conditions are used with the equations of motion

In the quasi-static limit, the displacements are related to
the temperature as follows:
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V20 = 0T (50)

u=Vo+VxywithV.y=0& Viy=0 (50a)

—_—
where 0., 1s the coefficient of thermal expansion and p is the

displacement.

In this limit, the temporal dependence of —J is determined
by the temporal dependence of T. Thus, the signal is a sum
of exponentials with the same decay rate in equation (46).
The different decay rates can be extracted with a linear
prediction routine. With the rates determined in this manner,
comparison can be made to theory to determine:

Kq? Kryt (51)
p = P

by changing q and d. then, predictions can be made for the
form of the experimental decay. In this way, equation (51)
can be compared to experimental values to determine the
accuracy of the calculated values.
Further Embodiments

It will be evident from the above that the invention
enables many embodiments and advantages. While the
experiments may be carried out on thin films to particular
advantage as discussed above where surface ripple is the
predominant phenomenon leading to diffraction of the
probe. the ripple effect may also be induced on thicker
samples. The experiment can be optimized to selectively
analyze diffraction from ripple over diffraction from bulk,
refractive index modification. The ripple effect can be pref-
erentially detected by maximizing the amount of reflected
light by increasing the incident angle of the probe beam. The
optimum incident angle may be determined based on sample
thickness and the refractive index to enable a large incident
angle while avoiding substantial losses due to total internal
refraction. The detection of diffraction from the ripple effect
can also be optimized on freestanding samples by detection
of transmitted and reflected probe radiation and subtracting
the former. which contains bulk-properties information.
from the latter, which contains ripple information. (It will
also be understood that for thin films, ripple from both sides
of a film can be detected. even for films on a substrate, in
which case ripple of the sample-substrate interface can be
detected.) The presence of signal induced from bulk prop-
erties can also be detected by study of the polarization of the
diffracted beam. A polarizer can be positioned after the
probe focusing optic (e.g. optic 54) and another polarizer
positioned before the detector (e.g. detector 58). As dis-
cussed above bulk properties vary the incident polarization.
The polarization can be studied as a function of incident
angle to determine the optimum angle for detecting ripple
induced diffraction. Further, the excitation radiation can be
optimized to enhance the diffraction signal arising from
ripple. The wavevector dependence of the signal can be
studied (e.g. with a computer) to determine that the diffrac-
tion signal is predominately from ripple. Generally, a
smaller excitation wavevector (longer excitation wavelength
or smaller angle of incidence of the excitation beams)
enhances the ripple effect. In the experiments on the sample
as described above, the maximum wavevector for which
signal was obtained was about q=1.81 pym™'. Larger maxi-
mum wavevectors can be used if a less stiff sample or higher
intensity probe laser is used.

Other embodiments are within the scope of the following
claims.

What is claimed is:

1. An apparatus for measuring the properties of a sample
of material, comprising:

10

15

20

25

30

35

40

45

50

55

60

63

32

a first, excitation source for producing excitation radiation
adapted to impinge upon said sample of material, said
excitation radiation comprising radiation composed of
at least two component beams which interfere within
said sample, each incidence of interference of said
excitation radiation being sufficient to induce transient

phonons in said material which give rise to a transient,
time dependent periodic ripple morphology of alternat-

ing peaks and valleys on a surface of said sample,

a detection system for detecting said ripple morphology
by diffraction of radiation including:

a second, probe source for producing probe radiation
arranged to be diffracted by the periodic ripple mor-
phology on the surface of said sample to form a
diffraction signal which emerges on the same side of
said sample as said probe radiation,

a detector for detecting the diffraction signal from said
probe source radiation diffracted by said surface ripple
morphology. and

an analyzer for selectively analyzing said diffraction
signal formed by said transient ripple morphology.

2. The apparatus of claim 1 wherein said probe source
produces radiation that is not substantially absorbed by said
sample.

3. The apparatus of claim 1 wherein said probe source

produces radiation that is absorbed about 10% or less than
said radiation from said excitation source.

4. The apparatus of claim 3 wherein said probe source
produces radiation that is absorbed about 1% or less than
said radiation from said excitation source.

5. The apparatus of claim 1 wherein said excitation source
radiation comprises ultraviolet radiation absorbed suffi-
ciently by said sample to induce heating that gives rise to
said phonons and ripple morphology.

6. The apparatus of claim 5 wherein said probe source
radiation comprises visible radiation not substantially
absorbed by said sample.

7. The apparatus of claim 1 wherein said sample com-
prises a thin sample of about 500 um or less.

8. The apparatus of claim 7 wherein said thin sample is
about 10 pm or less.

9. The apparatus of claim 1 wherein said sample com-
prises a thin polymeric film.

10. The apparatus of claim 9 wherein said film comprises
a free-standing film.

11. The apparatus of claim 9 where said film is disposed
on a support.

12. The apparatus of claim 1 wherein said analyzer
includes a polarizer for determining change of polarization
of said probe beam after diffraction from said surface to
selectively analyze diffraction from said ripple morphology.

13. The apparatus of claim 1 wherein said analyzer is for
analyzing said signal as a function of the wavevector and to
selectively analyze diffraction signal from said ripple mor-
phology.

14. The apparatus of claim 1 further including a probe
beam and detector constructed for detecting and resolving a
substantial time-portion of the time-dependent diffraction
induced by each incidence of interference of said excitation
radiation.

15. The apparatus of claim 14 wherein said excitation
radiation is pulsed radiation and,

said probe radiation is of a selected pulse width and said
detector is adapted to detect the diffraction signal for
the duration of said probe pulse.
16. The apparatus of claim 15 wherein said detector is
constructed to detect the entire detectable diffraction signal
induced by each excitation pulse.
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17. The apparatus of claim 16 wherein said excitation
radiation has a pulse width on the order of psec duration and

the probe radiation pulse width is on the order of nsec
duration.

18. The apparatus of claim 17 wherein said detector has
a time resolution on the order of 1 nsec.

19. The apparatus of claim 14 wherein said probe pulse
has a peak power output of about 1000 watts or greater.

20. The apparatus of claim 19 wherein said laser com-
prises a Q-switch YAG laser.

21. The apparatus of claim 14 wherein said excitation

pulse is generated from a pulsed laser and said probe pulse
is generated from a CW laser.

22. The apparatus of claim 1 including an analyzer
adapted for determining from said diffraction signal the
adhesion of said sample on a substrate surface.

23. The apparatus of claim 1, wherein the sample of
material is a thin film, and the analyzer selectively analyzes

the diffraction signal to determine the thickness of the thin
film

24. The apparatus of claim 23, wherein the thin film is
opaque to the excitation radiation.
25. A method for measuring the properties of a sample
comprising:
impinging a pulse of excitation radiation upon said
sample, said excitation radiation being composed of at
least two component beams which interfere within said
sample, and being selected such that each incidence of
said interference is sufficient to induce transient
phonons in said sample which give rise to a transient,

time dependent ripple morphology of alternating peaks
and valleys on a surface of said sample,

detecting said ripple morphology by diffraction of probe
radiation from said surface having the periodic ripple
morphology to form a diffraction signal which emerges

on the same side of said sample as said probe radiation,
and

selectively detecting the diffraction signal diffracted by

said ripple morphology. :

26. The method of claim 25 wherein said sample is about
500 pm thick or less.

27. The method of claim 26 wherein said sample is about
10 um thick or less.

28. The method of claim 27 wherein said sample is a pure
polymer sample.

29. The method of claim 28 comprising selecting excita-
tion radiation that is absorbed by the sample.

30. The method of claim 29 comprising selecting probe
radiation that is absorbed less than said excitation radiation.

31. The method of claim 30 comprising selecting probe
radiation that is not substantially absorbed by said sample.

32. The method of claim 31 wherein said excitation
radiation comprises UV radiation and said probe radiation
comprises visible radiation.

33. The method of claim 25 comprising detecting and
resolving a substantial time-portion of the diffraction signal
induced by each incidence of interference of said excitation
radiation.

34. The method of claim 33 wherein said probe source is
a CW laser.
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35. The method of claim 33 further comprising:

providing a probe source having a peak power output of
about 1000 watts or greater, and

detecting and resolving a substantial time-portion of the

time-dependent diffraction induced by each excitation
pulse.

36. The method of claim 33 further including signal
averaging the diffracted radiation from multiple excitation
pluses.

37. The method of claim 25 further comprising analyzing
said signal to selectively analyze diffraction from said ripple.

38. The method of claim 35 comprising analyzing the
polarization of said diffracted radiation.

39. The method of claim 37 comprising analyzing the
diffracted radiation as a function of wavevector.

40. The method of any one of claims 36 to 38 including
optimizing the diffraction from said ripple by varying the
angle of incidence of said probe beam.

41. The method of any one of claims 36 to 38 including
optimizing the diffraction from said ripple by varying the
wavelength or angle of incidence of said excitation radia-
tion.

42. The method of claim 25 further comprising determin-
ing from said diffraction signal the adhesion of said sample
on a substrate surface.

43. The method of claim 37, wherein the sample of
material is a thin film, and during the analyzing step the
diffraction “signal is selectively analyzed to determine the
thickness of the thin film. '

44. The method of claim 43, wherein the thin film is
opaque to the excitation radiation.

45. An apparatus for measuring the properties of a thin
sample of polymeric material comprising:

a first, excitation laser source for producing a pulse of

~ radiation adapted to impinge upon said sample, said
excitation source comprising radiation composed of at
least two component pulses which interfere within said
thin film, said excitation radiation adapted to induce
transient phonons in said material which give rise to a
transient, time-dependent periodic ripple morphology
of alternating peaks and valleys on a surface of said
sample,

a detection system for detecting said ripple morphology
by diffraction of radiation including: .

a second, probe laser source for producing radiation, said
probe radiation being of selected wavelength not sub-
stantially absorbed by said sample and arranged to be
diffracted by the periodic ripple morphology on the
surface of said sample to form a diffraction signal
which emerges on the same side of said sample as said
probe radiation, and

a detector for detecting the diffraction signal.

46. The apparatus of claim 4S5 further including a probe
beam and detector constructed for detecting and resoiving a
substantial time-portion of the time-dependent diffraction
induced by each excitation pulse.

47. The apparatus of claim 46 further including a signal
averager for signal averaging said diffraction signals arising
from repeated excitation and probing of said sample.

48. The apparatus of claim 46 wherein said excitation

pulse is on the order of psec duration and the probe is pulsed
radiation with a pulse on the order of nsec duration.
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49. The apparatus of claim 48 wherein the probe laser
source peak power is about 1000 watts or more.

50. The apparatus of claim 49 wherein the peak power is
about 10,000 watts.

S1. The apparatus of claim 49 wherein said laser is a YAG 5
Q-switched laser.

52. The apparatus of claim S1 wherein said detector has
a response time on the order of 1 nsec.

S33. The apparatus of claim 45 wherein said diffracted
radiation is reflected from the back surface of said sample 10
opposite said radiation sources.

54. The apparatus of claim 45 wherein said probe source

is a CW laser.

36

55. The apparatus of claim 54 wherein said probe source
is a gated argon ion laser. .

536. The apparatus of any one of claims 45 or 54 wherein
said probe has a power output of around 1 watt.

57. The apparatus of claim 45 including an analyzer
adapted for determining the adhesion of said polymer
sample on a substrate surface from said diffraction signal.

58. The apparatus of claim 45 including an analyzer
adapted for determining the thermal diffusion of said sample
from said diffraction signal.

S O
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